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Superconductivity arises from two distinct quantum phenomena: electron 
pairing and long-range phase coherence. In conventional superconductors, the 
two quantum phenomena generally take place simultaneously, while the electron 
pairing occurs at higher temperature than the long-range phase coherence in the 
underdoped high-Tc cuprate superconductors. Recently, whether electron pairing 
is also prior to long-range phase coherence in single-layer FeSe film on SrTiO3 
substrate is under debate. Here, by measuring Knight shift and nuclear spin-
lattice relaxation rate, we unambiguously reveal a pseudogap behavior below Tp ~ 
60 K in two layered FeSe-based superconductors with quasi-two-dimension. In the 
pseudogap regime, a weak diamagnetic signal and a remarkable Nernst effect are 
also observed, which indicate that the observed pseudogap behavior is related to 
superconducting fluctuations. These works confirm that strong phase fluctuation 
is an important character in the two-dimensional iron-based superconductors as 
widely observed in high-Tc cuprate superconductors. 
Phase fluctuation is an important character for high-Tc superconductivity (SC)(1), 
and determines the condensation of Cooper pairs. In conventional Bardeen-Cooper-
Schrieffer (BCS) superconductors, the superfluid density is so large that the pairing and 
condensation of Cooper pairs always happen simultaneously, and the superconducting 
transition temperature (Tc) is determined by the pairing temperature (Tp). However, in 
the underdoped high-Tc cuprate superconductors, which were treated as a doped Mott 
insulator(2), the famous “Uemura relation” indicates a close correlation between the 
superfluid density and the Tc(3), suggesting an important role of phase fluctuation on 
the determination of Tc(1). Previous studies also observed significant superconducting 
fluctuations above Tc, supporting a preformed pairing scenario(4-7). In contrast, the 
signature of preformed pairing in another high-Tc family, iron-based superconductors, 
is still elusive(8-13). The discovery of large pairing gap in the single-layer FeSe film 
on SrTiO3 substrate sheds light on this issue(14). The interface as a possible origin to 
enhance superconducting pairing in the single-layer FeSe film on SrTiO3 has been 
widely discussed(15-21). In addition, the angle-resolved photoemission 
spectroscopy(ARPES) experiments revealed that the closing temperature of the pairing 
gap in single-layer FeSe film is up to 65 K(22,23), while the zero-resistance transition 
(Tc0) determined by transport measurement is observed only below 40 K(24-27). A 
natural explanation on such phenomenon is related to the preformed pairing analogous 
to that in the underdoped cuprate superconductors. 
Very recently, organic molecule intercalated FeSe superconductors 
(CTA)xFeSe(28) and (TBA)xFeSe(29) with Tc0 ~ 43 K have been synthesized by us. As 
shown in Fig.1A, the charge from organic ion tetrabutyl ammonium (TBA+) is 
transferred to FeSe layers, which is important to achieve the high-Tc superconductivity 
in FeSe layer(17,22,25,30). The distance between adjacent FeSe layers is enlarged from 
5.5 Å in the pristine FeSe to 15.5 Å in (TBA)xFeSe due to the intercalation of TBA 
molecules. The intercalation of organic molecule makes the (TBA)xFeSe 
superconductor two-dimensional (2D). In these 2D FeSe-based superconductors, we 
unambiguously reveal an intrinsic pseudogap behavior below Tp ~ 60 K by measuring 
Knight shift and nuclear spin-lattice relaxation rate. In addition, a weak 2D diamagnetic 
signal and a remarkable Nernst effect are also observed in the pseudogap regime. These 
results definitely verify the preformed Cooper pairs in the 2D FeSe-based 
superconductors. It should be the same scenario for the single-layer FeSe film. 
As we know, nuclear magnetic resonance (NMR) is a local probe to measure spin 
susceptibility (χs). When the electrons are bound into Cooper pairs with a spin-singlet 
pairing, the local spin susceptibility will diminish below pairing temperature. Even if 
the long-range coherence among Cooper pairs is lost due to strong phase fluctuations, 
a drop in the local spin susceptibility is still expected(31). Therefore, NMR is a quite 
sensitive probe for superconducting pairing. In NMR measurement, both of the Knight 
shift (K) and the nuclear spin-lattice relaxation rate (1/T1) are related to the spin 
susceptibility. Usually, the Knight shift is related to the uniform spin susceptibility with 
Ktot = Aχs+ Korb, where Korb is the orbital contribution and is always temperature 
independent, and A is the hyperfine coupling tensor between nuclear and electronic 
spins. The nuclear spin-lattice relaxation rate (1/T1) is related to dynamic spin 
susceptibility with 
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term is from quasiparticles and the second term is from additional spin fluctuations. In 
a Fermi liquid picture, which ignores the q-dependent spin fluctuations, both of the 
quantities keep a simple Korringa relation with 
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N(EF) is the density of state at Fermi level. In this sense, both Knight shift and nuclear 
spin-lattice relaxation rate are practical to identify pseudogap phenomenon(33). 
As shown in Fig.2A, the temperature-dependent Knight shift of 77Se nuclei shows 
a clear deviation from the high-temperature behavior below 60 K, which is more 
evident in the differential curve. If we consider that the superconductivity is the only 
active electronic instability at low temperature, such deviation must be related to 
superconducting pairing. As shown in Fig.2C, a clear shift of NMR spectrum to low 
frequency without any change of profile indicates an intrinsic suppression of the 
uniform spin susceptibility below 60 K. A similar deviation from high-temperature 
behavior is also observed in the temperature-dependent 1/T1T (Fig.2B), which is in 
agreement with the Knight shift results. Moreover, the temperature-dependent 
stretching exponent of T1 fitting shown in Fig.2D indicates a homogeneous spin 
dynamics in NMR time scale above Tc0. Therefore, the present NMR results definitely 
support an intrinsic pseudogap behavior with the characteristic temperature Tp ~ 60 K. 
It should be emphasized that the similar temperature-dependent behavior between 
Knight shift and 1/T1T also confirms that the observed pseudogap behavior is from 
quasiparticles instead of spin fluctuations. As shown in Fig.2E, the conductance also 
exhibits a clear enhancement below 60 K, which is consistent with a fluctuating 
superconductivity above Tc0. In addition, it should be pointed out that the observed 
pseudogap behavior in NMR measurement is independent on field orientation and field 
strength(see details in Supplementary Materials S2). These results are consistent with 
a preformed pairing picture with considerable pairing gap suggested by scanning 
tunneling microscope (STM) measurement shown in Fig.1D. 
On the other hand, whether a pseudogap behavior in NMR measurement can be 
unambiguously ascribed to the preformed pairing is not straightforward if there are 
other electronic instabilities, such as charge/spin density wave. Here, in order to further 
clarify the nature of pseudogap behavior below Tp, the bulk magnetization was 
measured with external magnetic field applied in-plane and out-of-plane, respectively. 
Usually, the weak diamagnetic signal due to the preformed pairing can be detected by 
the bulk magnetization measurement(34). As shown in Fig.2F, the high-field 
magnetization shows a weak diamagnetic signal well above Tc0 with magnetic field 
applied along c-axis. The onset temperature of the weak diamagnetic signal is around 
Tp ~ 60 K, perfectly consistent with the NMR results. It strongly confirms that a 2D 
superconducting fluctuation emerges below Tp, being similar to that in the single-layer 
FeSe film(35). It is well known that the Nernst effect is another quite sensitive probe 
for superconducting fluctuations(5). As shown in Fig.2G, a remarkable Nernst signal is 
observed above Tc0 under an external magnetic field of 13.5 T applied along c-axis. At 
higher temperature, the Nernst signal is very small and almost temperature-independent. 
Below about 65 K, the Nernst signal shows a clear increase and then reaches a 
maximum around 40 K. Below 40 K, the Nernst signal continuously decreases. Such 
temperature dependence of Nernst effect was widely observed in the underdoped 
cuprate superconductors, and the Nernst signal well above Tc0 is usually ascribed to the 
free vortex contribution(common Gaussian fluctuation only appears around Tc0)(5). The 
Nernst effect further supports a persistent superconducting fluctuation above Tc0, 
consistent with the results of NMR and diamagnetism. 
As shown in Fig.3A and B, we also measured the anisotropy of resistivity between 
c-axis and ab-plane. Compared to bulk FeSe, the value of anisotropy is enhanced by 
about five orders of magnitude, suggesting an intercalation-induced dimensional 
crossover from 3D to 2D. Considering such highly 2D electronic structure, a natural 
explanation for the observed pseudogap behavior in these layered FeSe-based 
superconductors is due to strong phase fluctuation in 2D limit(24), in which the 
spontaneous topological excitations (vortex) due to strong phase fluctuation destroy the 
zero-resistance state below the 2D superconducting pairing temperature (Tc2D). Based 
on the Berezinskii-Kosterlitz-Thouless (BKT) theory, the zero-resistance state only 
emerges when vortex and antivortex are bound into pairs below a so-called BKT 
transition temperature (TBKT)(36,37). Such topological transition due to the unbinding 
of vortex-antivortex pairs manifests a jump of the power-law exponent in the current-
voltage (I-V) characteristic curves and a disappearance of Ohmic resistance obeying the 
Halperin–Nelson scaling law(38), which are important manifestations of 2D 
superconductivity(29). To further verify the nature of both zero-resistance transition 
and pseudogap phenomenon, we also measured the temperature-dependent I-V curves 
across the Tc0. As shown in Fig.3C, a power-law transition with V ~ Iα can be identified 
during the zero-resistance transition. We extracted the temperature dependence of the 
power-law exponent α, which was deduced by fitting the I-V curves, as shown in Fig. 
3D. At T = 44 K, the exponent α continuously approaches to the value of 3, which can 
be used to define a supposed BKT transition(39). Moreover, the temperature-dependent 
resistance R(T) follows a typical BKT-like behavior with R(T) = R0exp[−b/(T−TBKT)1/2] 
in the temperature range close to TBKT, where R0 and b are material dependent 
parameters(38). As shown in Fig. 4E, the extracted value of TBKT from the measured 
R(T) curve is about 44.7 K, in agreement with the I-V results. Both anisotropic transport 
and I-V curves support a 2D-like (or BKT-like) nature in these layered FeSe-based 
superconductors, which hints an important role of phase fluctuation. 
Up to now, all experimental results by different techniques support a pseudogap 
behavior due to the preformed pairing below Tp ~60 K and a highly anisotropic 
superconductivity below Tc0 ~ 43 K in (TBA)xFeSe. A summarized H-T phase diagram 
is shown in Fig. 4. The similar pseudogap behavior is also observed in another layered 
FeSe-based superconductor (CTA)xFeSe (more details see Supplementary Materials 
S3). These results confirm that such pseudogap behavior is intrinsic for the layered 
FeSe-based superconductors. In addition, STM measurement indicates that the local 
superconducting gap is about 16 meV in these layered FeSe-based superconductors (see 
Fig.1D for (TBA)xFeSe and Fig.S5 for (CTA)xFeSe in Supplementary Materials), 
which are comparable to that of the single-layer FeSe film with the gap value varying 
from 13 to 20 meV (see Fig.S8 in the Supplementary Materials S4). Therefore, the 
much higher pairing temperature (~ 65 K) than zero-resistance temperature (< 40 K) in 
the single-layer FeSe film might be also ascribed to the same preformed pairing 
scenario. These works indicate that strong phase fluctuation is an important character 
in 2D iron-based superconductors as widely observed in high-Tc cuprate 
superconductors. How to understand the underlying physics behind preformed pairing 
is relevant to high-Tc mechanism and brings a challenge to theory. Finally, our work not 
only reveals preformed Cooper pairs, but also suggests a possible enhancement of 
pairing strength by dimensional crossover from 3D to 2D. 
 Data availability 
The data that support the plots within this paper and other findings of this study are 
available from the corresponding authors upon reasonable request. 
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Methods 
Crystal growth and characterization. The synthesis of (TBA)xFeSe includes two steps. 
Firstly, the shining plate-like single crystals of tetragonal FeSe were grown using a KCl-AlCl3 flux 
technique as described in detail elsewhere(43). Secondly, the (TBA)xFeSe single crystals were 
synthesized through an electrochemical intercalation process using FeSe as the starting material. 
Since the grown crystals are very sensitive to oxygen and moisture, all the processes including 
sample growth and preparation for detailed characterizations were handled in the argon-filled glove 
box. The obtained (TBA)xFeSe single crystal keeps a well-defined shape with almost unchanged in-
plane size and just the enlargement of c-axis compared with the pristine FeSe. The doping amount 
x in (TBA)xFeSe determined by the electrochemical discharge curve is about 0.3, which is just a 
nominal value. The actual doping amount was determined using Electron Probe x-ray Micro- 
Analyzer (EPMA-8050G, Shimadzu), which is the most precise and accurate micro-analysis 
technique available. All elements from B to U can be analyzed with sensitivity at the level of ppm, 
which makes the determination of elemental composition from nm to mm thick layers possible. 
Measurements were made at several locations on each sample, and the averaged doping level was 
determined as x ~ 0.15±0.03 for (TBA)xFeSe and x ~ 0.18±0.05 for (CTA)xFeSe. Other physical 
characterizations including the FTIR spectroscopy, X-ray diffraction and TEM have been employed 
to confirm the structure model of (TBA)xFeSe and (CTA)xFeSe. More details about the crystal 
growth and characterization have been described in the Supplementary Information and a reported 
paper(28,29). 
 
Electrical transport, magnetization and heat capacity measurements. The electrical 
transport measurements were performed with a Physical Property Measurement System (PPMS-9T, 
Quantum Design) by a standard dc four-probe method. The sample was easily cleaved, so it was cut 
into long stripes and followed by attaching four silver wires with silver paint on the freshly cleaved 
surface. Considering the air-sensitivity of (TBA)xFeSe, the sample was coated with a thin layer of 
chemically stable high-vacuum silicone grease before taken out of the glove box to be measured. 
The electrical resistance was measured upon both warming and cooling processes in order to ensure 
no temperature effect from the electrodes on the sample. The V (I) curves were measured on the 
PPMS with an electrical transport option (ETO). The voltages are in the range of tens of mV while 
scanning current within tens of mA.  
Magnetization measurements were carried out with a commercial SQUID-VSM(7 T, Quantum 
Design). In order to reduce the magnetic background, a specified quartz paddle sample holder with 
extremely weak magnetic signal was used to hold the sample. The (TBA)xFeSe was glued to the 
holder in a horizontal or vertical orientation with a little GE varnish and then coated with high-
vacuum silicone grease. The magnetization was measured in FC and ZFC modes at magnetic field 
of 5 Oe and 7 T. The superconducting shielding fraction was estimated at 5 K from ZFC curve, 
which is almost 100% considering the geometrical demagnetization factor for H//c. The different 
magnitudes of χ under H//ab and H//c indicate a significant 2D characteristic in (TBA)xFeSe. 
The heat capacity measurements were performed in a 14 T Quantum Design Dynacool PPMS 
System. The thermal relaxation technique was employed with the magnetic field applied along c-
axis. 
Nuclear magnetic resonance measurements. Standard NMR spin-echo technique was 
applied with a commercial NMR spectrometer from Thamway Co. Ltd. The external magnetic field 
was generated by a 12 T magnet from Oxford Instruments. In order to greatly improve the 
measurement accuracy and efficiency, here a 50% 77Se isotope-enriched sample was used in the 
NMR measurements. (TBA)xFe77Se single crystal was put into a prepared NMR coil made from 
copper and then the coil was sealed using epoxy glue so as to avoid the sample exposure to the air. 
The assembling process was performed in the glove-box filled with Ar gas. The 63Cu NMR signal 
from copper coil was used to calibrate the external field. The 77Se NMR spectra were obtained by 
fast Fourier transform (FFT) method. The nuclei of 77Se have a nuclear spin I = 1/2 and the Knight 
shift was extracted from the NMR central transition line using the gyromagnetic ratio γ/2π = 8.118 
MHz/T. 
The 77Se spin-lattice relaxation time (T1) measurements were carried out by using the saturation-
recovery method at the peak positions of NMR spectra at all temperatures, and the spin-echo decay 
was fitted by a simple exponential function 𝑚(𝑡) = 𝐴0 + 𝐴𝑒𝑥𝑝[−(𝑡 𝑇1⁄ )
𝑟]. The curve is fitted very 
well and T1 is of single component. Error bars are determined by least square fittings to the 
experimental data. 1/T1 is related to the dynamical susceptibility and is expressed as 
1
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𝑞 , where γn (e) is the gyromagnetic ratio of the nuclear spins (electronic spins), 
𝐴𝑞  is the hyperfine coupling tensor, 𝜒+
′′(𝑞, 𝜔0)  is the imaginary part of the dynamical 
susceptibility in the direction perpendicular to the quantization axis, and ω0 = γnH  is the 
resonance frequency under a magnetic field μ0H . Because 
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2  for conventional 
metals, the value of 1/𝑇1𝑇 is a good quantity to study the superconducting gap. 
STM/STS measurements. The STM experiment was conducted in a Createc LT-STM. The 
sample was cleaved in an ultra-high vacuum at liquid nitrogen temperature and immediately 
transferred into the STM part. All STM investigations reported here were acquired at 5 K. The 
tungsten tips were treated and calibrated using a Au(111) surface. The conductance spectra were 
taken by using a lock-in amplifier with a modulation voltage of 1 mV and at a frequency of 857 Hz. 
Nernst effect measurements. The Nernst signal of 13.5 Tesla was measured by steady state 
measurement. The size of our sample is 2×0.6×0.2 mm3. The cold end of the sample was glued to 
an alumina flake with silver glue and then the alumina flake was fixed on the heat-sunk copper 
block. A 1.8 kΩ heater, fixed on the hot end of sample, was used to generate heat flowing. The 
longitudinal thermal gradient was measured using two type-E thermocouples. The final Nernst data 
was obtained by the symmetric of the measured voltage with positive and negative magnetic fields: 
ey = Ey/(∂T/ ∂x) = [∆Vy(H) /∆Tx– ∆Vy(−H)/∆Tx](L/2w) , where ∆V is the difference in the 
voltage measured with and without thermal gradient. L is the length (along the x-axis) and w the 
width (along the y-axis) of the sample. This procedure removes any thermoelectric contribution 
from the sample or the rest of the measurement circuit. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figures and Captions 
 
Fig. 1. Crystal structure and superconducting properties of (TBA)xFeSe. (A):The crystal 
structure of the pristine FeSe with c-axis lattice constant d0 ~ 5.5 Å and the intercalated (TBA)xFeSe 
with d1 ~ 15.5 Å. (B): Temperature dependence of in-plane resistance under different magnetic 
fields applied along c-axis. The Tc
onset is determined by the intersection of the linear extrapolation 
of normal-state resistance Rn and the sharp superconducting transition, and the Tc0 is determined by 
using the 1% normal state resistance criterion. The fan-shaped broadening of resistive transition 
under magnetic fields indicates a strong 2D characteristic.(C): Temperature dependence of 
anisotropic magnetic susceptibility measured in FC and ZFC modes under magnetic field of 5 Oe 
applied along in-plane (blue) and out-of-plane (red), respectively. The significant difference of 
shielding fraction between two orientations, usually up to dozens of times, supports a strong 2D 
characteristic. (D):(Upper panel)Atomically flat STM image for (TBA)xFeSe with a bias voltage 
of Vbias= 1 V and tunneling current of It= 220 pA. (Lower panel)Tunneling spectrum taken on a 
cleaved surface of (TBA)xFeSe at 5 K reveals the appearance of a superconducting gap. Pronounced 
superconducting coherence peaks appear at ±16 meV. 
 Fig. 2. Evidence for preformed Cooper pairs above Tc0 in (TBA)xFeSe. (A): Temperature 
dependence of Knight shift K (upper panel) and its first derivative (lower panel). (B): Temperature 
dependence of the spin-lattice relaxation rate divided by temperature 1/T1T (upper panel) and its 
first derivative (lower panel). The external magnetic field of 12 Tesla in (A) and (B) was applied 
within the ab-plane. (C): The NMR spectra of 77Se nuclei measured at 44.8 K and 62.7 K, 
respectively. The uniform frequency shift of NMR spectrum to lower frequency below Tp without 
obvious distortion or broadening indicates an intrinsic change of Knight shift below Tp. (D): 
Temperature evolution of stretching exponent r. The value of r is extracted from the T1 fitting by 
the stretched exponential function𝑚(𝑡) = 𝐴0 + 𝐴𝑒𝑥𝑝[−(𝑡 𝑇1⁄ )
𝑟]. The r maintains a constant value 
of ~ 1 in the temperature range between Tc0 and Tp(the shaded region). The deviation at lower 
temperature is ascribed to vortex in superconducting state. (E):Temperature dependence of 
conductance enhancement due to 2D superconducting fluctuations at zero field extracted from the 
data in Fig.1B. The conductance enhancement is defined as ∆𝐺 = 1/𝑅(𝑇) − 1/(𝑅𝑛(𝑇)) .Rn is 
determined by the linear extrapolation of normal-state resistance at high temperature. The arrow 
shows the onset of the conductance enhancement at Tp. (F):The high-field magnetic susceptibility 
χab and χc measured in FC mode with the magnetic field of 7 Tesla applied in-plane (green) and out-
of-plane (orange), respectively. The black solid lines are the extrapolation fitting curves of high-
temperature behavior. The arrow indicates the onset of diamagnetism.(G): Temperature dependence 
of Nernst effect under a magnetic field of 13.5 Tesla applied along c-axis. A vortex-related Nernst 
signal is observed well above Tc0. The arrow shows the onset of the vortex-related Nernst effect at 
~ 65 K. It should be noted that the Tp determined by Nernst effect is slightly higher than other probes. 
It suggests that the Nernst effect is more sensitive to detect superconducting fluctuation.  
 
 Fig. 3. Two-dimensional electronic properties of (TBA)xFeSe. (A):The temperature dependence 
of in-plane and out-of-plane resistivity. (B): The anisotropy of resistivity (ρc/ρab) for (TBA)xFeSe 
and the pristine FeSe. The data of FeSe is adopted from the reference (40).(C):V (I)curves at various 
temperatures plotted in a logarithmic scale. The numbers provide the measured temperature for each 
curve. The short black lines are fits of the data across the Tc0. The two long black lines correspond 
to 𝑉~𝐼 and 𝑉~𝐼3behavior, respectively. The temperature for 𝑉~𝐼3 behavioris defined as TBKT ~ 
44 K. (D): Temperature dependence of the power-law exponent α, as deduced from the fits shown 
in (C). (E):R-T dependence for the (TBA)xFeSe single crystal (I = 500 μA), plotted in a 
[𝑑𝑙𝑛(𝑅)/𝑑𝑇]−2/3 scale. The solid line shows the fitting to the Halprin-Nelson formula 𝑅(𝑇) =
𝑅0𝑒𝑥𝑝 [−𝑏/(𝑇 − 𝑇𝐵𝐾𝑇)
1/2] with TBKT ~ 44.7 K. 
 
 Fig. 4. A summarized H-T phase diagram for (TBA)xFeSe. The external magnetic field is parallel 
to the c-axis. Tc0 stands for zero resistance temperature. Tc stands for the superconducting 
temperature defined by the onset temperature of NMR line broadening. Tp stands for the onset 
temperature of pseudogap behavior. Resistivity, magnetization and NMR measurements give the 
same Tp of about 60 K. However, the Nernst effect gives a slightly higher Tp of about 65 K. This 
suggests that Nernst effect is more sensitive than other probes to detect superconducting fluctuations. 
In the vortex solid/glass state, the resistivity becomes zero with a highly anisotropic diamagnetic 
signal. In the vortex liquid state, the resistivity is no longer zero but there is still anisotropic 
diamagnetic signal. Such phase diagram for vortex is similar to that in high-Tc cuprate 
superconductors(41), in which the vortex physics is strongly affected by the 2D superconducting 
fluctuations (SCFs). Above Tc, a remarkable pseudogap phenomenon appears up to Tp. 
